We find that additivity of trichromatic color matches holds, even in parafoveal vision, for most observers if rods are prevented from seeing the stimuli. Some heterozygous women are exceptions. The failure of the additivity law for these women implies that their eyes contain more than three types of cone with different spectral sensitivities.
It is generally accepted that human color matching is trichromatic (requires three primaries) because there are three types of cone, each containing one visual pigment. A color match between two stimulus fields is thought to be determined at the receptor level where the rate of quantum absorption by each of the three cone pigments must be equated to obtain a color match. Since there are three cone pigments, a set of three primaries is required to match any given light.
A fundamental law of color matching, which follows directly from this view, is the law of additivity (known also as Grassmann's third law). Additivity means that, if the same light is added to two stimulus fields that match in color appearance, the resulting mixtures will match in color appearance. The color match is not upset because the addition of the same light to both fields does not upset the equality of quantum absorptions for each of the visual pigments. 1 The additivity law holds quite well for small visual fields presented to the rod-free foveal area, but it typically fails in the parafovea, in which rods as well as cones may see the stimuli. 2 Recent evidence suggests that the breakdown is due to the involvement of signals from rods (as well as from the usual three types of cone) in the match. 3 In support of this view we find that additivity holds in the parafovea of most observers if rods are prevented from seeing the stimuli.
However, the law does not hold for some women who are heterozygous for red-green color deficiency. Although their color vision is relatively normal, these women carry abnormal, as well as normal, genes for color vision. It is now well established that there are two loci on the X chromosome involved in red-green color vision. Each locus is thought to determine the nature of the visual pigment contained in one of the two red-green sensitive cones. 4 Since women have two X chromosomes, they may be heterozygous and carry two different alleles at either of these loci. Recent developments in genetics suggest that when this happens, each cell is influenced predominantly by one allele, with the predominant allele varying from cell to cell, 5 resulting in the production of more than three types of cone photoreceptor cells with different visual pigments. The failure of additivity for some heterozygous women means that, for them, subjectively similar colors may differ in their effects on the cones, and this in turn means that their eyes must contain more than three types of cone. However, because these women accept trichromatic matches, the cones must feed signals into only three neural channels.
In our experiments we asked observers to make Rayleigh matches 6 between two halves of a large annular field presented to the parafovea. A uniform mixture of red (660-nm) and green (546-nm) lights in the upper half of the field was matched to a yellow light (588 nm) in the lower half. The wavelengths were chosen to avoid any significant stimulation of the short-wavelength-sensitive cones. Therefore only two primaries were required to match the 588-nm light. We used the large annular test configuration to obtain matches that were as precise as possible.
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In order to prevent the rods from seeing the stimuli, matches were made during the cone plateau period after exposure to a bright bleaching light. During this period cones have nearly completely recovered from the bleach, but rods are still too insensitive to detect the test stimuli.
8 Observers made matches under three experimental conditions: (1) with no background light present, (2) with a concentric blue background light (455 nm) superimposed over both halves of the test field, and (3) with a red background light (670 nm) superimposed over the test field. 9 Under each experimental condition the experimenter determined the set of 660-546-nm-mixture ratios that was judged to be a perfect color match to the 588-nm light. 10 The additivity law predicts that the 660-546-nm mixture that matches the 588-nm light should not be altered by superposition of the backgrounds. If some of the settings that were acceptable as a match with no background present were also acceptable with a background present, we concluded that additivity held for that observer within the limits of his color discrimination. If none of the mixtures that were acceptable with no background present was accepted on the background, we concluded that additivity failed for that observer.
Nineteen men and twenty-one women served as observers. The Rayleigh matches of all 40 in the no-background condition fell within the normal range, but 19 of the 21 women were recruited because they reported some incidence of red-green color deficiency in their families, suggesting that they might Three of these women reported color-deficient fathers, and the fourth, IG, reported a color-deficient brother and maternal grandfather, suggesting that her mother was a carrier. The mixture ratios with no background present does not overlap the set of acceptable mixture ratios on one or both of the backgrounds, indicating that two fields that match with no background present become distinguishable when the background is added. This result is a clear violation of the additivity law.
In experiments with small foveal fields, we have been unable to demonstrate the failure of additivity for these four women, partly because of reduced discrimination with the smaller field size and partly because the shifts in the match (if any) are fewer with the small field than with the large field. However, unpublished observations on one heterozygote by Alpern indicate a failure of additivity even in foveal observation. 1 3 The failure of the additivity law in these women means that their eyes contain more than the usual three cone pigments; presumably they contain the three normal cone pigments plus an anomalous pigment corresponding to the abnormal gene that they carry. Signals generated by the four cone pigments must be fed into only three independent neural channels, however, since there appears to be no evidence to suggest that heterozygous women can reject trichromatic matches. 1 " The fact that all the heterozygous women were able to make acceptable Rayleigh matches with only two primaries is further support for this assumption. The trichromatic color matches of these individuals must be determined at the level of the three independent neural channels, not at the receptor level, where the rates of quantal absorption by each of the four pigments will generally be unequal for a trichromatic match. Superposition of the red (660-nm) and blue (455-nm) backgrounds would be expected to upset the color matches of such a visual system, since they would be expected to adapt different types of cones differentially, resulting in a change in the spectral sensitivities of the neural channels at the level at which the match is determined. 13 Changes in the spectral sensitivities of the neural channels would generally disrupt the equality of signals from the two fields that had been matched, resulting in a breakdown of the match. 1 Nevertheless, it is clear that additivity holds for 15 of 19 women who reported histories of color deficiency in their families. Why does additivity hold for them? Four of the 15 reported information suggesting that their mothers were heterozygous carriers. Each of these four women has a probability of only 0.5 of being heterozygous carriers herself, since she could have inherited either a normal gene or an abnormal gene from her mother with equal probability. However, the other 11 reported that their fathers were red-green deficient, and these 11 should therefore have been heterozygotes. Additivity failure requires the presence of a cone type sufficiently deviant from normal in spectral sensitivity (and sufficiently sensitive) to register a distinction for lights matched from normal cones. Among red-green color deficients, only some, known as simple anomalous, can reject normal matches. Thus it may be that only carriers of simple anomaly have an abnormal cone type that is sufficiently deviant and sensitive enough to result in an additivity breakdown. Heterozygotes for other forms of red-green deficiency, such as dichromacy, might not be expected to show failure of additivity.1 5 On this argument it might be expected that the proportion of women who show additivity failure in our sample should be higher since simple anomaly is the most common form of red-green deficiency. Our recruitment procedure, an advertisement in the campus newspaper, re-quested male color deficients as well as female carriers, and only 4 out of 26 color-deficient males were simple anomals.
This low proportion is presumably due to the fact that simple anomals are less often aware of their deficiency. By the same argument, carriers of simple anomaly are less likely to be aware of color deficiencies in relatives and thus less likely to respond to the advertisement.
Our results can be interpreted as evidence that Lyonization, or X inactivation, 5 does occur for the X-chromosome loci that control development of the red-green-sensitive visual pigments. In Lyonization either the maternal or the paternal X chromosome randomly determines the development of a given cell in a heterozygous female, whereas the other chromosome in that cell is inactivated. Lyonization has been demonstrated for several loci on the X chromosome, but there is evidence that it may not occur at all sites. 16 Prevous attempts to determine whether it occurred at the loci for redgreen color vision have met with only limited success.'
4 Although other interpretations of the additivity failure may be possible, 2 the fact that it occurred only in heterozygous women, coupled with the evidence for Lyonization, strongly suggests that it is due to the presence of at least four cone types. Color Vision (Holt, Rinehart, and Winston, New York, 1979), p. system used to deliver stimuli to the observer was conventional in design and is described in A. L. Nagy, "Large-field substitution Rayleigh matches of dichromats," J. Opt. Soc. Am. 70, 778-784 (1980). 8. The bleaching field, which was 160 in diameter with a retinal illuminance of 6.6 log scotopic trolands, was obtained from a 750-W Kodak projector with a 500-nm interference filter taped over the lens. The observer placed his eye near the front of the lens and looked into the light beam for 10 sec. Two control experiments were done to determine the stimulus presentation interval. Thresholds for the test stimuli were determined after a bleach in order to determine when the cones had recovered from the bleach and when the rods became sensitive enough to determine the threshold. Cones had recovered 3 min after the bleach, but extrapolation of the rod branch of the threshold curve upward above the cone plateau portion of the curve indicated that rods were not able to detect the test stimuli less than 10 min after the bleach. In the second experiment observers adjusted a Rayleigh match soon after the cones had recovered from a bleach and then observed the match until the two halves of the field began to look dissimilar. When rods begin to see the test field, the mixture half of the field becomes much less saturated than the monochromatic half. The breakdown in the match always occurred more than 10 min after the bleach. Therefore we asked observers to make matches between the third and the tenth minute after the bleach. The matches made were stable throughout this interval.
Bleaches were repeated to obtain a sufficient number of observations from each observer. . DeVries appears to be the first to suggest that heterozygous women may have four cone pigments. He also suggested they might be tetrachromatic, that is, they might reject all trichromatic matches.
Our results, however, suggest they are trichromatic like normal observers. 12. Any variability in absorption spectrum among cones of the same type should generate minor additivity failure even in normal observers. With the help of plausible assumptions, additivity data like these can be used to compute a constraint on the extent of such variability. These data permit the conclusion that the three absorption spectra of normal vision are replicated with high precision from cone to cone. If Weber's law is assumed to hold at the level of the cones, an adapting light of (say) long wavelength will bias sensitivity in favor of those individual cones with shorter than average Xmas. This will shorten the effective \max of each
